We have studied its process of entry into and exit from these cells with the multiple indicator dilution technique. Labeled red cells (a vascular indicator), labeled sucrose (an extracellular reference), and labeled D-glucose were rapidly injected into the portal vein, and from serially sampled hepatic venous blood, normalized outflow-time patterns were obtained. The labeled red cell curve rises to an early high peak, and decays rapidly; and that for sucrose reaches a later and lower peak and decays less rapidly, but generates an equivalent area. The curve for labeled D-glucose begins with that for labeled sucrose, gradually rises to a peak which is later and substantially lower than that for sucrose, and then decreases slowly. At high glucose levels this curve assumes a squared-off shape, rises fairly quickly to its highest level, at the time of the sucrose peak, and then slowly decreases. Phlorizin and galactose infusion result in the emergence of a pronounced early peak, under the sucrose peak; and the curve for tracer L-glucose approaches that for sucrose.
A B S T R A C T D-Glucose equilibrates within liver cells.
We have studied its process of entry into and exit from these cells with the multiple indicator dilution technique. Labeled red cells (a vascular indicator), labeled sucrose (an extracellular reference), and labeled D-glucose were rapidly injected into the portal vein, and from serially sampled hepatic venous blood, normalized outflow-time patterns were obtained. The labeled red cell curve rises to an early high peak, and decays rapidly; and that for sucrose reaches a later and lower peak and decays less rapidly, but generates an equivalent area. The curve for labeled D-glucose begins with that for labeled sucrose, gradually rises to a peak which is later and substantially lower than that for sucrose, and then decreases slowly. At high glucose levels this curve assumes a squared-off shape, rises fairly quickly to its highest level, at the time of the sucrose peak, and then slowly decreases. Phlorizin and galactose infusion result in the emergence of a pronounced early peak, under the sucrose peak; and the curve for tracer L-glucose approaches that for sucrose.
We resolve from the D-glucose curves, by model analysis, two components: throughout material, which has not entered the cells; and exchanging material, which has entered and later returned to the circulation. The analysis provides estimates of the kinetic entrance and exit coefficients; and from these, saturation of both the entrance and exit processes was evident. The characteristic transport parameters were determined. For both en-
INTRODUCTION
The liver serves as one of the primary organs in glucose homeostasis. Under ordinary circumstances, in the intact animal, it serves to remove glucose from the portal venous blood after eating and to add glucose to the circulation during fasting (1) . The set point for this changeover is regulated by insulin (2, 3). Some years ago Cahill, Ashmore, Earle, and Zottu investigated the intracellular concentration of free glucose in the liver and found it to be equivalent to the concomitant plasma concentration, whether or not the net activity of the liver was one of glucose uptake or glucose output (4) . They also demonstrated that, under both conditions, tracer D-glucose injected intravenously reached equivalent activities in liver and plasma water within 5 min. Within the limitations of their data, these authors felt that the entry of D-glucose into the liver cell was relatively free, and that it probably proceeded by passive diffusion.
It is our purpose here to explore this entry process in more detail, to produce evidence that it is carrier mediated, and to quantitate the parameters which characterize it. In 1967, we examined tracer D-glucose entry into the intact liver, by means of the multiple indicator dilution technique, and reported qualitatively that raising the plasma glucose levels slowed the relative rate of entry of tracer D-glucose and that the rate of entry of tracer L-glucose was very slow (5) . Simultaneously Williams, Exton, Park, and Regen explored the entry process, utilizing the isolated perfused liver (6) . They showed, by tissue sampling, that although equilibration within the liver cells of D-glucose (tracer and load) occurs within 10 min, the process is incomplete in 2 min, and tracer L-glucose enters liver cells, but equilibrates only over a period of approximately 40 min. These authors also used a lumped model analysis to obtain preliminary estimates of kinetic parameters from outflow curves resulting from the steady infusion of tracer Dglucose and an extracellular reference material, inulin. Here we complement, extend, and complete these previous studies. We use the multiple indicator dilution technique to obtain data from the intact liver over a wide range of glucose concentrations. We utilize our recently developed kinetic modeling, which takes into account the distribution of the uptake process in space as well as time (7, 8) , to provide precise estimates of both the kinetic parameters from dilution curves and the characteristic parameters of the transport process, the Michaelis-type constant (Ki), and the maximal rate of transport (Via:).
METHODS
XXre use the rapid single injection multiple indicator dilution technique (7) as our experimental approach and inject simultaneously into the portal vein 'Cr-labeled red cells (a vascular reference), 'C-labeled sucrose (a reference extracellular material, which distributes into the extracellular space in a flow-limited fashion and does not enter liver cells during a single passage [4, 8] ), and 'H-labeled D-glucose. The experiments are carried out in anesthetized dogs, in which glucose infusions and insulin administration have been used to manipulate the endogenous glucose levels.
The injection mixture was constituted by adding the 1"C and 'H tracers to plasma obtained from the animal just E z 0 U-10 x en before the run; and then by adding labeled red cells, in amounts adequate to match the hematocrit to that of the blood in the -animal. The latter were added to the injection mixture only at the time of the run to avoid red cell carriage of the tracer glucose (isotopic equilibration of this tracer in these red cells ordinarily requires about 4 h [5] ). Several additional studies were carried out to characterize the process involved in the handling of the labeled glucose: phlorizin and galactose were infused, to demonstrate competitive phenomena; L-galactose transport was studied, to document the effect of stereospecificity; the transport of ,8-methyl D-glucoside was examined, to demonstrate the effect of a change in molecular architecture; and countertransport of label was induced.
Special materials. The following special materials were used: Na25CrO7 solution, 5-10,000 Ci/mM (Charles E. 
RESULTS
The outflow patterns of two typical D-glucose experiments are illustrated in Fig. 1 . In each, the labeled sucrose curve is displaced from the labeled red cell curve in the manner expected, as a result of its extravascular flow-limited distribution out to the cell surface (8) : the sucrose outflow fractional recoveries per milliliter are lower on the upslope, the sucrose peak is lower, and the downslope decays more slowly. The curves for both these reference substances are corrected for recirculation by linear extrapolation on the semilogarithmic plot, in the usual manner. At the normal plasma glucose level, the labeled glucose curve rises gradually to a peak which is later and substantially lower than the sucrose Fig. 3 , the illustration of an experiment in which labeled L-glucose was used. The labeled L-glucose curve is slightly lower than and almost parallel to the labeled sucrose curve. The labeled L-glucose curve thus consists almost entirely of a first major peak. Since this sugar is not metabolized (9), we can hypothesize that there is here again a second component to the primary curve, a low and prolonged tailing, representing the return of the sugar to the circulation, and indistinguish- peak, and then slowly begins to drop. At the high glucose level, the labeled glucose curve has a squared-off shape. It rises fairly quickly to its highest level, at the time of the labeled sucrose peak, and thereafter changes little for a prolonged period. There is no simple extrapolation procedure which would lead to recovery of the primary labeled glucose curve in either case. Fig. 2 illustrates the dramatic effect of a continuing intraportal infusion of phlorizin on the shape of the labeled D-glucose curve. An early peak has emerged from the tracer D-glucose curve, which is related to and contained within the reference sucrose curve. On the downslope this curve approaches and crosses over the sucrose curve and becomes higher than the recirculating portion of that curve. It is therefore reasonable to assume that the primary curve for this label must able from recirculation. The curve for labeled P-methyl D-glucoside is similar to that for labeled L-glucose in Fig. 3 , but approaches the reference labeled sucrose curve even more closely.
In Table I we have listed the parameters which can be obtained directly fromn the curves. These include values for hepatic perfusion (i.e., for flow per unit weight of tissue), and for the mean transit times for labeled red cells and labeled sucrose. The outflow recoveries for labeled red cells and labeled sucrose are equivalent (the ratio of the area under the labeled sucrose curve to that under the labeled red cell curve was 1.023±0.053 [SD] ).
The transport rate constants. To provide a basis for the interpretation of these experiments, we initially utilized for their analysis a kinetic model which we developed for a set of galactose experiments (8) . The fundamental considerations used in the development of this modeling (see Fig. 4 ) are the following:
(a) A conservation equation. Longitudinal transport of label along the sinusoid is assumed to occur only by the bulk transport mechanism of flow, within the times being considered. At each point along the length, net change in the total accessible label in the system is assumed to occur only by two processes: flow, or intracellular sequestration, which effectively removes it from the system.
(b) Essential continuity between the vascular and extracellular spaces of the liver. The extracellular space, the space of Disse, is separated from the cellular space only by a thin lining perforated by relatively large holes, and the glucose label will undergo flow-limited distribution into this space. We will assume that, for the small molecular weight species, the ground substance in the extracellular space imposes no steric restrictions on distribution.
(c) A transport equation. Basically, this is the classical equation which has been used for well-stirred two-conmpartment isolated cell systems. It is presented here in a form which provides for the spatial arrangements of the hepatic cells. The rate of change of material in the hepatic cells is set equal to the difference between membrane carrier entrance and exit fluxes, less any rate of absolute removal or sequestration of glucose label from the free intracellular pool. These assumptions result in the following equation:
at C C where z(x, t) = the concentration in the hepatic cells at a distance x from the origin or input of the sinusoid, at a time t; u(x, t) = the corresponding concentration both in the sinusoid and at the surface of the liver cells; S/C = the ratio between the active transport surface as permeability coefficients, and k3 = a sequestration rate constant. For the purposes of convenience we then set k = P 'SIC, and k2= P2'S/C, and note that when the transport process is equilibrative, P1' = P2' and k1 = k2. The picture which results from the single sinusoid modeling is one in which there is flow-limited distribution of the glucose label out to the hepatic cell membrane, passage of the label across that membrane, and subsequent intracellular sequestration. It is clear that the net effect of the processes will, to a major extent, be governed by the flow in each sinusoid. This was assumed to vary and, from previous evidence (10), it was assumed that the large vessel transit times were common. When we examined the solution to this complete modeling, we found that we could derive, from the relationship between the tracer glucose and two reference curves, numerical estimates of the following parameters of the hepatic system: 7 = the extracellular space ratio, the ratio between the extracellular space and the sinusoidal plasma space; t. = the large vessel transit time; k2 = the cellular efflux rate constant (the lumped parameter P2'S/C); k10/(1 + y) = the product of the cellular influx rate constant k1 (the lumped parameter P1'S/C) and the ratio 0/(1+ -y), the ratio of the cellular space to the total accessible space, sinusoidal plus extracellular, outside the cells; and k3 = the sequestration rate constant.
When the glucose curves were analyzed by means of this modeling we found that the fitted sequestration constant was an exceedingly small positive or negative number, and it appeared that no appreciable proportion of the labeled D-glucose was being sequestered by intracellular metabolic processes. This is not very surprising, if we consider that, in their experiments, Williams et al. (6) were unable to demonstrate measurable amounts of labeled phosphorylated intermediates by mixed bed resin Exchange of Glucose across Liver Cell Membranes extraction of deproteinized extracts of liver, obtained 2 ing equal to zero. Optimized values for the four pamin after beginning a steady infusion of labeled D-glu-rameters ay, to, k2, and kio/(l + Y) were determined.
cose.
Those for y and to were determined from the relation We therefore continued our analysis of these experi-between the sucrose and vascular reference curves (8) determined by generating a computed glucose label curve from the sucrose curve, modifying the values until the sum of the squares of the differences between the experimental and computed tracer curves was minimized. The whole of the reliable experimental information (upslope, peak, and early downslope, to the time of recirculation of the sucrose label) was used to calculate these parameters. The aggregated values are displayed in Table II. The model curves generated are composed of two components: throughput material, which sweeps past the cell surface without entering; and returning material, which has entered the cells and later returned to the plasma space. Fig. 5 illustrates the two components of the computed tracer D-glucose .curves for the three cases: normal plasma glucose concentration, high plasma glucose concentration, and high plasma glucose concentration with concomitant intraportal infusion of phlorizin. The progressive increase in the proportion of material which comes through as throughput material is seen to account for the progressive change in the shape of the early parts of the labeled D-glucose curves. The cumulative outflows of the respective components of the curves are plotted in the upper panels of this diagram. The effectiveness of the curve-fitting process is illustrated in Fig. 6 , for the two extremes illustrated in Fig. 5 , the normal glucose level experiment and the phlorizin experiment. The coefficient of variation of the fit was 0.081 for the former, and 0.048 for the latter. For the whole series of D-glucose and phlorizin experiments the average coefficient of variation of the fit was 0.085.
The characteristic transport parameters. expressed in terms of an equivalent plasma volume. Each of the coefficients decreases with increase in the plasma glucose concentration (Fig. 7) . Assume that the product of each kinetic coefficient and of the corresponding driving concentration (plasma or cellular) effectively repre-
The relation between the kinetic coefficients derived from the experimental curves are represented in the following manner: k10/(1 ± y), filled circles; and k2, filled triangles. A range of +-10 SE of the estimate around the best fit locus through these points is represented by dotted shading. Values for the same parameters, determined from the curves corrected for the delay and distortion introduced by the collecting system, are displayed as the corresponding open symbols; and the corresponding range about the best fit loci through these sets of points is represented by hatched shading.
sents an initial velocity of transport (mg s-1 ml') ; and that the transport process is characterized by an asymptotic maximal velocity, Vmax, and a plasma concentration corresponding to a half maximal velocity, a Michaelistype constant or Km. Then if a common relation is fitted to the data of Fig. 7 This equality is also expected in an equilibrative transport system (12) , and it is reassuring to find that the two values derived from these data are equal.
The effect of galactose infusion. The shape of the tracer D-glucose curve after galactose loading to plasma levels of approximately 400 mg/100 ml corresponds to that expected for correspondingly much higher levels of plasma glucose. In the animals fasted overnight but not given galactose, the plasma galactose levels were very low, and ranged from 0 to 6 mg/100 ml. In the following, the galactose levels in these experiments will therefore be assumed, for the sake of simplicity, to be equivalent to zero. On the contrary the plasma glucose levels in the galactose-loaded animals averaged 128 mg/100 ml and corresponded to those found in fasted animals not loaded with glucose. The countertransport of labeled glucose. One of the usual phenomena displayed by a membrane carrier transport system is the countertransport of labeled substrate (13) . We therefore designed an in vivo experiment to search for this phenomenon. An ordinary run was carried out first, in which labeled red cells, labeled sucrose, and labeled D-glucose were injected (experiment 1 in the Tables, and Fig. 8a) . After 2 min a countertransport experiment was carried out in the following way: a bolus of labeled red cells was flushed from a cuvette into the portal vein and followed for the next 10 s by 50 ml of 50% D-glucose. The results are displayed in Fig. 8b . The usual red cell dilution curve was derived from the increment in labeled red cell activity. The labeled Dglucose and sucrose activities are displayed as continuations of the curves of the Fig. 8a . Two phenomena are evident. First, the labeled sucrose activity abruptly decreases to a lower level, at the time the throughput hypertonic glucose would be expected to emerge. A baseline dilution of the activity has occurred (14) , due to the net flux of water across the cell surfaces, induced by the hypertonic glucose. Second, the labeled glucose curve, instead of following the labeled sucrose curve and decreasing, increases and the two curves initially diverge. The increase then ceases and the two curves change in a more or less parallel fashion. The contrary change of the two curves, after arrival of the hypertonic glucose, and the apparent increment in the area between them provides striking evidence for the induction of the countertransport of labeled D-glucose, in this experiment. The observations were found to be reproducible in the sense that similar phenomena were induced in two other animals.
DISCUSSION
The extracellular reference substance. In these multiple indicator dilution experiments the reference substance should be a material which behaves in every way identical to the substance being studied, except that it does not participate in the process under examination (15) . We selected labeled sucrose as an appropriate extracellular reference, a substance which is not transported. In the isolated perfused liver, it is completely excluded from the liver cells (6) . In the intact animal, the apparent volume of distribution of labeled sucrose in the liver increases slowly, as a result of the hydrolysis and reabsorption (as monosaccharide) of the small amounts secreted in bile (16) . Over short times this process is not quantitatively significant. Inulin was considered not to be a suitable reference, because it is excluded from a major part of the extracellular space, by virtue of a partition phenomenon dependent upon its molecular size (10, 17) . Because of this lack of suitability, data incorporating inulin as an extracellular reference (such as those of Williams et al. [6] ) must be considered to be an inappropriate experimental base for the computation of transport parameters. One might expect a small but similar partition phenomenon to produce a minor effect on the distribution space for disaccharides in the extracellular space of the liver, and, on this basis, a nontransported monosaccharide would be a more ideal reference. We were unable to find this kind of compound; and, in view of the observed close relation between the labeled 8-methyl D-glucoside and sucrose curves, consider that there is no evidence for such a differential partition phenomenon, at this lower molecular size level.
The form of the outflow curves. This study characterized the components of the outflow profile for a substance entering and leaving the liver cells by an equilibrative transport system. Under this particular set of circumstances the two characteristic outflow components, throughput and returning material, overlap to a very considerable extent. The basis for the resolution of the components of the outflow curves lies in the distributed modeling which we previously developed and which we have utilized here (7) . In the case we previously analyzed, that of a highly concentrative transport system (for MRb), we demonstrated that the early part of the outflow curve was essentially almost completely throughput material, with proportionately very little returning material and we were able to match fairly precisely the form of the throughput material. The ability to predict the relative form of the throughput material in this concentrative system gave us confidence that, in the situation analyzed here, where throughput and returning material are inextricably intermixed, the throughput component would be relatively accurately predicted; and the relatively good fit to the whole curve found indicates that a fair degree of confidence may also be placed in the fit to the second component. The modeling furthermore accounts for the variety of shapes of dilution curves encountered with elevation of the plasma glucose levels, introduction of galactose or phlorizin, and changes in the molecular architecture of the tracer glucose probe. Bravo and Yudilevich have carried out similar dilution studies of tracer glucose uptake by the liver. At ordinary plasma levels, curves similar in form to those presented here were found (18) . These authors did not carry out an analysis detailed enough to yield estimates of the transport coefficients.
7The transport parameters. The transport of D-glucose shows the characteristics expected of an equilibrative carrier-mediated transport system: saturation kinetics, competitive inhibition, isotope countertransport, and stereospecificity. The V.a. calculated for the liver cells, 5.13 mg s-' ml1, is exceedingly rapid. It is approximately three times the transport maximum for human erythrocytes (12) and is many times larger than the maximum observed rate of entry of glucose into dog red cells. The 0.5 0. 4 Km for the glucose entry and exit processes, 2,170 mg/ 100 ml, is also large. Saturation of the initial velocity of tracer uptake was demonstrated only by raising the glucose concentrations to exceedingly high levels. Over the physiological range the fluxes remained almost proportional to the plasma levels.
Galactose exhibited a peculiar competitive effect. For the tracer D-glucose entry process its Ki was 594 mg/100 ml and elevation of the plasma galactose was fairly effective; but for the exit process, its K. was a value much higher than the levels used experimentally (that is, there INPUT PLASMA CONCENTRATION (mg/ 100 ml) (20) , the basis for this shared process may well be a common mammalian gene. One other aspect of the transport parameters bears comment. We previously alluded to the expectation that when a transport system is equilibrative, the Km value for entrance and exit would be the same; and the expectation that, when the Km for exit is much larger than that for entry, the process would be found to be concentrative. The values found for galactose transport appeared to fit the latter case yet no confirmatory evidence for the concentrative nature of the process was available from tissue sampling experiments, at the time of the original study. It is therefore reassuring to find that, during galactose infusion, the concentration of free galactose in the cellular water of liver biopsies becomes significantly higher than that in the input plasma water, when metabolic galactose sequestration is impeded by concomitant ethanol infusion (21) .
The characteristic transport parameters for glucose and galactose, by themselves, do not provide the reader with an easy grasp of the comparative ways in which the kinetic coefficients of these two substrates vary with input plasma concentrations. To provide this comparison we have plotted Fig. 9 . The kinetic coefficients kiO/ (1 + ,y) and k2 are somewhat larger for glucose than they are for galactose, but are not remarkably different in magnitude. The principle difference between the handling of the two sugars is in the sequestration constant k3. This rate constant is relatively large in magnitude for galactose, especially at lower levels of sugar concentration, but has not been found to be high enough to be reliably measured by our experimental approach, in the case of glucose.
The effect of phlorizin. In the present experiments the competitive effect of phlorizin would have been expected to be related to its presence and interaction at the transport site. In preliminary experiments we had found that the phlorizin, given as a single intravenous dose 30 min before an experimental run, produced little measurable change in the hepatic transport of D-glucose. We therefore used instead a steady intraportal infusion of phlorizin and found the effect reported above, a symmetrical reduction of both influx and efflux coefficients for tracer D-glucose. The lack of effect of the single dose, a half hour after administration, was undoubtedlv due to its removal from the circulation, in large part by its concentrative accumulation in the kidney (22) .
The amounts of phlorizin necessary to demonstrate inhibition of the hepatic transport system were comparatively high. Silverman, Aganon, and Chinard, for instance, found complete inhibition of the D-glucose transport system at the luminal surface of the renal tubule, at rates of infusion less than 0.001 times the rate used here. They also observed that tracer D-glucose entered the renal tubular cells from the vascular or antiluminal surface; and that the sensitivity of this entry process was comparatively low. Entry was inhibited by phlorizin only when rates of infusion were raised to values similar to those which we utilized in our present series of experiments (23) . Similarly, in their tissue sampling experiments, Williams et al. (6) found that comparatively high levels (102 M) of phlorizin were necessary to produce substantial inhibition o-f the hepatic transport of D-glucose.
The production of glucose by the liver. In the normal animal, when the plasma glucose is less than 90 mg/100 ml and net hepatic glucose production begins to occur (2, 3) , the modeling which we have used in our analysis is incomplete. At lower plasma levels glucose is being generated, presumably in each cell along the sinusoidal length, and is being added to the intracellular pool. If portal vein and hepatic arterial flows can be considered to be mixed at the origin of the sinusoids, this addition will result in a gradient in concentration, an increase in both the intracellular and sinusoidal concentrations, from the portal triad to the central vein areas of each lobule. Our modeling of glucose exchange has not taken this additional process into account. We have not incorporated into the modeling the effect of this added flux, the addition of unlabeled glucose to the intracellular space (24) . Its addition would complete the modeling so that it would then correspond more accurately to the processes underlying glucose homeostasis. Nevertheless, despite this defect at low plasma glucose levels, our analysis does appear to provide the first accurate in vivo estimates of the parameters characterizing the hepatic glucose transport system.
The design of the liver. The liver lobules are characterized by sinusoids with adjacent entrances and adjacent exits, and concurrent flow. Where substances are being consumed a gradient in concentration occurs (8) , with lower concentrations in the center of the lobules. In the case of oxygen, this will be expected to create zones of lowered Po2 in the centers of the lobules. At first inspection one would consider the liver to be a poorly designed system, from this point of view. However, if we examine it from the point of view of a process like glucose production, alluded to above, a major advantage appears. A large step-up in concentration, from portal vein to hepatic vein, can be achieved without a major step-up in concentration at any particular cell. The advantages are analogous to those of a countercurrent multiplier system where, by virtue of the length of the system, the single effect is greatly increased. Removal processes can be viewed similarly. A large portal vein-hepatic vein difference can be created, without a large demand on each cell. Thus we can conclude that, from the point of view of its function as essentially a chemical factory, the liver has a superb architectural design. This enables the work demanded of each hepatic cell to achieve an overall effect, to be minimized.
